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Purpose: To evaluate the time-dependent changes in regional quantitative T2* maps of the 
kidney following intravenous administration of ferumoxytol. 

Materials and methods: Twenty-four individuals with normal kidney function underwent 
T2*-weighted MRI of the kidney before, immediately after, and 48 hours after intravenous 
administration of ferumoxytol at a dose of 4 mg/kg (group A, n=12) or 6 mg/kg (group B, 
n=12). T2* values were statistically analyzed using two-tailed paired ?-tests. 
Results: In group A, the percentage changes from baseline to immediate post and baseline 
to 48 hours were 85.3% and 64.2% for the cortex and 90.8% and 64.6% for the medulla, 
respectively. In group B, the percentage changes from baseline to immediate post and baseline to 
48 hours were 85.2% and 73 .4% for the cortex and 94.5% and 74% for the medulla, respectively. 
This difference was significant for both groups (P<0.0001). 

Conclusion: There is significant and differential uptake of ferumoxytol in the cortex and medulla 
of physiologically normal kidneys. This differential uptake may offer the ability to interrogate 
renal cortex and medulla with possible clinical applications in medical renal disease and trans- 
plant organ assessment. We propose an organ of interest based dose titration of ferumoxytol to 
better differentiate circulating from intracellular ferumoxytol particles. 
Keywords: USPIO, ferumoxytol, renal MRI, T2* weighted imaging 

Introduction 

Ferumoxytol is an ultrasmall paramagnetic iron oxide (USPIO) nanoparticle that can 
be used as a negative contrast agent onT2*-weighted imaging. It is currently approved 
in North America and Europe as an iron replacement therapy in adults with chronic 
kidney disease. The use of this drug as a kidney blood pool agent and for imaging 
renal inflammatory conditions has been previously proposed, but baseline human 
data is lacking. 

Although kidney disease may result in changes in glomerular filtration rate that 
can be easily detected by monitoring alterations in creatinine, specific diagnosis of 
the underlying pathologic process often requires percutaneous biopsy to obtain tissue 
for histologic evaluation. With the exception of gross structural abnormalities such 
as hydronephrosis or polycystic kidney disease, current renal imaging techniques 
including ultrasound, computed tomography, and magnetic resonance imaging 
(MRI) are simply not able to accurately identify many kidney diseases, necessitat- 
ing biopsy for accurate diagnosis. The development of a noninvasive test that better 
differentiates underlying disease states would have tremendous impact on the man- 
agement of kidney disease, facilitating diagnosis and treatment. Since ferumoxytol 
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is neither filtered nor renally excreted, it offers advantages 
over classical MRI contrast agents, which may have renal 
toxicity, particularly in individuals with low glomerular 
filtration rates. 

A number of nephropathies have associated inflamma- 
tory changes at the tissue level with macrophage infiltration 
commonly identified on kidney biopsy specimens, and for 
some nephropathies, there is a correlation between the stage 
of disease and the amount of macrophage infiltration.' Since 
cells such as tissue macrophages and circulating monocytes 
have phagocytic activity and readily take up USPIO nano- 
particles, several groups have proposed the utilization of 
USPIOs for the noninvasive detection of macrophages in the 
kidney associated with these nephropathies.^^ The uptake 
of USPIO can be noninvasively monitored on T2- and T2*- 
weighted imaging.^ In animal models, distinct patterns have 
been identified on such imaging with a cortical pattern in 
anti-glomerular basement membrane glomerulonephritis,^ 
a medullary pattern in ischemia-reperfusion injury,' and a 
diffuse pattern in renal graft rejection.^ '' The purpose of 
our study is to provide baseline human data demonstrating 
evolution of the quantitative T2* changes in the renal cortex 
and medulla following administration of ferumoxytol in 
individuals without nephropathy at 4 mg/kg and 6 mg/kg 
dosages. 

Materials and methods 

Population 

The present study is a single-center study of individuals with- 
out known kidney disease and estimated glomerular filtration 
rate (eGFR) >60 mL/min/1 .73 m^. The participants (n=24), 
fourteen men and ten women, were drawn from two separate 
prospective studies. Nine were from a study staging lymph 
nodes in pancreatic cancer and fifteen were from a study 
evaluating changes in the pancreas with the development of 
type 1 diabetes which included both those with recent onset 
diabetes and normal controls. Participants had a mean age 
of 41.21 years (range 21-92 years, average age in group A: 
27.3 years, in group B: 55.0 years). Primary power calcula- 
tions were performed for the two studies from which these 
participants were derived. 

The status of the renal function in these patients was 
assessed by eGFR which was calculated using the formula 
GFR=186 X (plasma creatinine)"' '^^ x (age in years)""^"^ x 
0.742 (for female patients). Informed consent was obtained 
from all study participants after the nature of the proce- 
dures had been fully explained. The studies (clinicaltrials. 
gov identifiers NCT00920023 and NCTO 152 1520) were 



approved by the Dana Farber Cancer Institute Institutional 
Review Board and Partners Human Research Committee 
respectively. 

Characteristics and administration 
of the contrast agent 

Ferumoxytol (AMAG Pharmaceuticals, Lexington, MA, 
USA) is an USPIO with an average colloidal particle size 
of 30 nm by light scattering and a molecular weight of 
750 kDa. It is comprised of a nonstoichiometric magnetite 
core covered by a semisynthetic carbohydrate coating of 
polyglucose sorbitol carboxymethyl ether designed to mini- 
mize immunological sensitivity. Ferumoxytol is available 
as a sterile neutral pH liquid containing 30 mg of elemental 
iron per mL. The blood half-life is dose-dependent and is 
approximately 14.5 hours at a dose of 4 mg/kg.' All subjects 
received ferumoxytol intravenously at a dose of 4 mg/kg 
(group A, n=12) or 6 mg/kg (group B, n=I2) to a maximum 
dose of 510 mg of elemental iron. 

MRI and analysis 

MRI of the upper abdomen (T 1 , T2, and T2* -weighted imaging) 
was performed on a 3T system (Siemens, Erlangen, Germany) 
using 8-channel phased array body coil, before, immediately 
afl:er, and 48 hours after the intravenous administration of feru- 
moxytol. Imaging times ranged from 30 to 45 minutes. Quantita- 
tive T2 * sequences were performed as breath-hold, mono-polar, 
multi-echo, gradient echo sequences with six in-phase, equally 
spaced echoes (echo time [TE] =2.5-14.8 milhseconds, repeti- 
tion time [TR] =169 milhseconds, thickness =4 mm, 6-point log 
linear fit algorithm) in all patients. These scans were reviewed 
by two radiologists on dedicated image-viewing software 
(v.3.8.1; OsiriX, Pixmeo Sari, Bemex, Switzerland) and the 
quantitative T2* value of the renal cortex and medulla were 
measured bilaterally as consensus at the upper and lower poles 
by drawing six (for cortex and medulla each) equal-sized, non- 
overlapping operator-dependent regions of interest (ROI) at all 
three time points to calculate average quantitative T2* values. 
These values were normalized to the paraspinal muscles by 
drawing equal-sized ROI bilaterally at all three time points. We 
decided to normalize the T2* values and use muscle T2* as a 
reference standard and internal control to avoid variability in 
each sample and to improve the efficacy and standardize the 
data. Normalization allowed comparison over time and across 
subjects and groups. The normalized ratios were then statistically 
analyzed using two-tailed paired Wests using GraphPad Prism 
(v6; GraphPad Software Inc., La Jolla, CA, USA). A P-value 
<0.05 was considered statistically significant. 
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Results 

Following intravenous administration, ferumoxytol can be 
noted in several body compartments. Initially, there is a 
short arterial enhancement that could be used for perfusion 
imaging, this is followed by blood pool enhancement that 
could be used for angiography, and finally, ferumoxytol 
is cleared from the intravascular space and is metabolized 
within macrophages. In group A, the average quantitative 
T2* values of the renal cortex and medulla at baseline 
were 52.9 milliseconds and 34.7 milliseconds, respectively. 
Immediately following intravenous administration of feru- 
moxytol, these values decreased to 7.7 milliseconds for the 
cortex and 3.1 milliseconds for the medulla, representing 
an 85.3% decrease for the cortex and 90.8% decrease for 
the medulla. At 48 hours post-ferumoxytol injection, these 
values increased to 18.9 milliseconds for the cortex and 
12.2 milliseconds for the medulla (Figures 1^), representing 
a 64.2% decrease for the cortex and 64.6% decrease for the 
medulla compared to baseline quantitative T2* values. 

In group B, the average quantitative T2* values of the renal 
cortex and medulla at baseline were 51.0 milliseconds and 
35.1 milliseconds, respectively. Immediately following intra- 
venous administration of ferumoxytol, these values decreased 
to 7.5 milliseconds for the cortex and 1 .9 milliseconds for the 
medulla, representing an 85.2%) decrease for the cortex and 
94.5% decrease for the medulla. At 48 hours post-ferumoxytol 
injection, these values increased to 13.5 milliseconds for the 
cortex and 9. 1 milliseconds for the medulla, representing a 
73.4% decrease for the cortex and a 74% decrease for the 
medulla compared to baseline quantitative T2* values. At 48 
hours, the quantitative T2* values for the cortex and medulla 
did not return to the observed baseline quantitative T2* 
values. For group A, the average normalized values for the 
cortex at baseline, immediately after, and at 48 hours were 
2.0, 0.36, and 0.80; for the medulla, these values were 1.31, 



Changes in T2* value of cortex: group A 




Cortex baseline Cortex immediate post Cortex 48 hours 

Figure I Evolution of quantitative T2* values in the renal cortex before, immediatel 
(B) group B. 



0. 14, and 0.51, respectively. For group B, the average normal- 
ized values for the cortex at baseline, immediately after, and 
at 48 hours were 2.31, 0.48, and 0.69; for the medulla, these 
values were 1.6, 0.12, and 0.46, respectively. 

The differences between the normalized quantitative T2* 
values between baseline and immediate post and between 
immediate post and 48 hours were statistically significant 
for the cortex and medulla in both groups (/'<0.0001). 
Comparing the normalized quantitative T2* at baseline and 
at 48 hours also showed a statistically significant change 
for both the cortex and medulla (P^O.OOOl) in both groups 
(Figure 5). Comparing groups A and B showed a significant 
difference at the 48 hour time point for the cortex (P=0.0056) 
but not the medulla (P=0.06). 

Discussion 

Recent developments in MRI have facilitated a move toward 
functional imaging. USPIOs have previously been used as 
negative T2 and T2* contrast agents in a number of clinical 
trials of various disease states. Several USPIOs have been 
studied in animal models of kidney disease,^^ ' with at least 
one having been studied in humans.^ 

Ferumoxj^ol is approved in North America and Europe 
for the treatment of anemia in chronic renal disease. The 
clinical availability of this agent and the susceptibility effects 
induced by this agent on MRI have led to interest in its use 
in clinical imaging. Its presumed safety in renal disease has 
peaked interest in the use of ferumoxytol as an MRI contrast 
agent for vascular imaging in patients with renal failure.' 
Studies done in the past have highlighted the use of other 
USPIOs in functional renal imaging but with limited data in 
humans.'""'^ Our study reveals the evolution of the quantita- 
tive T2* changes in the renal cortex and medulla following 
administration of ferumoxytol in normal individuals without 
nephropathy at 4 mg/kg and 6 mg/kg dosages. 



B Changes in 12* value of cortex: group B 
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Cortex baseiine Cortex immediate post Cortex 48 hours 
after, and at 48 hours following administration of ferumoxytol In (A) group A and 
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Changes in T2* values of medulla: group B 




Medulla baseline Medulla immediate post Medulla 48 tiours 



Medulla baseline Medulla Immediate post Medulla 48 tiours 



Figure 2 Evolution of quantitative T2* values in the renal medulla before, immediately after, and at 48 hours following administration of ferumoxytol in (A) group A and 
(B) group B. 



Large magnetic dipole moments of ferumoxytol decrease 
both T2 and T2*. In this study, we focused on quantitative 
T2* as it is governed by larger vessels. Within the kidneys, 
the cortex and medulla are perfused at different rates and also 
differ in their water content, which explains the differences 
in their baseline quantitative T2* values (Figure 3). 

During the arterial phase, a ferumoxytol bolus would 
be expected to transit the aorta, renal artery, outer cortex, 
juxtameduUary cortex, medulla, and then the inferior vena 
cava. In our study, the quantitative T2* values immediately 
dropped for both the cortex and medulla following intrave- 
nous bolus administration of ferumoxytol. This selective 



compartmentalization could be used to assess renal perfusion 
independent of renal excretory function. Consistent with the 
medulla having a greater vascular volume than the cortex,''"'* 
the percentage change in quantitative T2* was greater in the 
renal medulla at both doses studied. 

Ferumoxytol is not filtered by the glomeruli and gener- 
ally stays in the circulation until cleared via the reticuloen- 
dothelial system. Surprisingly, at 48 hours, the quantitative 
T2* values for the cortex and medulla did not return to base- 
line, signifying the persistent effect of ferumoxytol. Although 
the intravascular half-life of ferumoxytol had previously been 
reported to be 14.5 hours,' this half-life is dose-dependent. 
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Figure 3 Comparison of quantitative T2* values of the renal cortex and medulla at all three time points. 
Note: Whiskers represent standard error. 
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Figure 4 Pseudocolored maps derived from the T2* images and Tl-v^eighted images (TR: 2.9 ms, TE: 0.8 ms, matrix 256x179, flip angle: 12°, fat-saturated, slice thickness 
3.5 mm) shov/ing renal uptake of ferumoxytol at baseline (A), immediate post-injection (B), and at 48 hours (C) post-injection in group A, which received the dose of 4 mg/kg 
compared to group B (D; baseline, E: immediate post-injection, F: at 48 hours) which received a dose of 6 mg/kg. Visual evaluation of these color maps show comparison 
of baseline (blue in A and D) quantitative T2* values with changes (seen in yellow-red on B and E) on immediate post-ferumoxytol injection and at 48 hours (seen as 
green-blue on C and F). 

Abbreviations: TE, echo time; TR, repetition time. 
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Figure 5 Scatter plot with mean and standard error showing distribution of normalized quantitative T2* values of the renal cortex and medulla at all three time points in 
both groups. 
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In our study, we saw evidence of residual ferumoxytol in the 
intravascular compartment based on continued depression of 
quantitative T2* values at 48 hours. The depressive effects 
of this residual probe on quantitative T2* remained after 
normalizing with the skeletal muscle values. Interestingly, 
at 48 hours, the quantitative T2* gradient between the 
cortex and medulla was wider than at the immediate post- 
ferumoxytol time point (Figure 3). It is possible that this 
difference could be used to interrogate the renal cortex and 
medulla in a variety of renal diseases. The trend in the nor- 
malized values was parallel to the quantitative T2* values 
alone (Figure 5). It is unlikely that this finding was due to 
heterogeneity in vasculature as quantitative T2* measures 
within regions in the upper and lower pole of a given ana- 
tomic region or between similar anatomic regions of the left 
and right kidney were fairly uniform, as would be expected 
in individuals without known kidney disease. Hence, lower 
doses and/or a further delayed time point may be needed to 
image the third phase of ferumoxytol after it has cleared the 
intravascular space. Our study is aimed at establishing the 
baseline quantitative T2* values following administration of 
ferumoxytol. We hope it will generate interest in research- 
ers to perform more studies with kidney injury models or in 
persons with known renal disease and to compare the newer 
data with our baseline values. 

Although not directly addressed in this study, another 
potential use of ferumoxytol-based renal imaging could be 
the evaluation of ischemic kidney disease. Ischemic renal 
injury affecting native and transplant kidneys can lead 
to acute renal failure, which is a life-threatening illness 
with mortality ranging from 30% to 50%." At present, no 
imaging tool detects, localizes, and characterizes ischemic 
changes in the kidneys. This coupled with ambiguity in 
the pathogenesis of acute renal failure, often leaves the 
final diagnosis to invasive methods like biopsy. Following 
ischemia, monocytes/macrophages accumulate in the renal 
medulla. Imaging of the third phase of ferumoxytol distribu- 
tion, after it has cleared from the intravascular space could 
be used to visualize such cellular changes within the renal 
medulla. Anecdotal data supports renal macrophage uptake 
of ferumoxytol with at least one case report demonstrating 
iron-laden macrophages in the kidney of a patient with an 
inflammatory nephropathy several days after ferumoxytol 
infusion.'^ In a study by Jo et al, renal ischemic changes 
were visualized on iron oxide particle-enhanced MRI in 
rats as a black line in the outer medulla on day 5 after 
induced ischemia.* Matsushita et al demonstrated a linear 
relationship between the USPIO and R2* (1/T2*) and 



imaged inflammatory changes in mice." Hauger and col- 
leagues were amongst the first to publish data in humans 
on MR imaging in cases of acute or subacute renal failure 
by measuring changes in the signal intensity that correlated 
with the amount of infiltrating macrophages.^ They used a 
similar USPIO at a lower dose of a maximum of 2.6 mg/kg 
and proposed use of USPIO-enhanced MR imaging in dif- 
ferentiating inflammatory from non-inflammatory renal 
disease. To our knowledge, the evolution of quantitative 
T2* changes in physiologically normal kidneys following 
intravenous administration of ferumoxytol at high doses (4 
and 6 mg/kg) have not been reported previously. Here we 
confirm that T2* changes post ferumoxytol, as imaged by a 
robust multiecho gradient echo sequence, offer quantitative 
measurements of the renal cortex and medulla. 

These observations may lead to many possible applica- 
tions of quantitative imaging with ferumoxytol in ischemic 
and inflammatory disease of native and transplant kidneys, 
potentially avoiding the need for biopsy in the diagnosis and 
monitoring of disease in these settings. 

In addition to potential diagnostic applications, 
ferumoxytol-enhanced MRI may also have applications in 
predicting disease course. For example, in immunoglobulin A 
nephropathy, tubulointerstitial inflammation, including the 
degree of macrophage infiltration on biopsy is predictive 
of disease progression.^" MR imaging could yield this 
same information without biopsy. Such information would 
be extremely useful in determining the aggressiveness of 
therapy. 

In this study, we examined only small numbers 
of individuals with normal renal function at two doses of 
ferumoxytol. One of the limitations of our study was a lack 
of slice-by-slice comparison in the analysis of temporal 
changes in quantitative T2* values. While the doses of 
ferumoxytol studied could be used to image the perfusion 
and blood pool phases of ferumoxytol distribution, condi- 
tions for imaging macrophage uptake after clearance of 
the probe from the intravascular space were not identified 
in this study. 
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